Introduction {#Sec1}
============

Myocardial ischemia reperfusion is clinicopathological criteria defined as insufficiency of blood supply to the heart and subsequent recovery of perfusion combined with reoxygenation \[[@CR1]\]. Reperfusion is indispensable for the survival of myocardial ischemia tissues, but an amount of proof indicates that reperfusion itself induces irretrievable additional tissue injury \[[@CR2]\]. Myocardial ischemia reperfusion injury (I/R) can induce the apoptosis and necrosis of cardiomyocytes or even cardiac arrest, thereby influencing the treatment outcome of heart diseases \[[@CR3]\]. It is urgent to find practical and effective therapeutic methods for I/R.

Bone marrow mesenchymal stem cells (BMSCs) are fibroblast-like, pluripotent adult stem cells \[[@CR4]\] that exist in the bone marrow microenvironment. BMSCs reduce intestinal I/R in rats \[[@CR5]\]. The injection of MSCs secreted by adult bone marrow into the infarction area can decrease infarct size and repair the function of the heart after I/R \[[@CR6], [@CR7]\]. Exosomes, as a type of membrane vesicle, have been viewed as a medium to promote intercellular communication and regulate the recipient cell function through delivering proteins, RNAs, and other molecular constituents \[[@CR8]\]. BMSC-derived exosomes protect against testicular I/R owing to the activities of anti-oxidant, anti-inflammatory, and anti-apoptosis \[[@CR9]\]. Recently, exosomes derived from BMSCs have been reported to promote cell proliferation and survival through the transportation of microRNAs (miRNAs) \[[@CR10]\]. BMSCs prevent against renal I/R by secretion of exosomes loaded with miR-199a-5p that can target BIP to suppress endoplasmic reticulum stress at early stages of reperfusion \[[@CR11]\].

MiRNAs are defined as 21--23 nucleotide non-coding RNA molecules, and regarded as novel regulatory factors of gene expression via binding to target messenger at post-transcriptional level \[[@CR12]--[@CR14]\]. Numerous studies have revealed that miRNAs modulate the expression of critical proteins involved in I/R \[[@CR15]\]. For instance, the expression of miR-15 and miR-15b are increased in myocardial I/R model of mice, and the down-regulation of miR-15a/b may be a prospective strategy to inhibit I/R-induced apoptosis of myocardium cells \[[@CR16]\]. Overexpression of miR-125b weakens the apoptosis of myocardium cells induced by myocardial I/R through preventing p53-mediated apoptotic signaling and inhibiting TRAF6-mediated activation of NF-kB \[[@CR17]\]. Recently, miRNAs loaded in exosomes have also been reported, demonstrating that exosomes may act as a miRNA transport to regulate intercellular communication \[[@CR18]\]. Exosomes derived from mesenchymal stromal cells (MSCs) attenuate myocardial I/R through miR-182-regulated macrophage polarization \[[@CR19]\]. However, research involving the effect of BMSC-derived exosomes carrying miR-125 on myocardial I/R remains limited.

In this study, the protective effects of BMSC-derived exosomes carrying miR-125 in myocardial I/R were evaluated. After isolation of BMSC-derived exosomes, the effects of BMSC-Exo-125b on the viability and apoptosis of I/R myocardium cells were detected. Then, we examined the correlation between miR-125b and SIRT7, followed by the effects of BMSC-Exo-125b on cardiac function of I/R rats. Our findings convinced that BMSC-Exo-125b recovered the cardiac function of I/R rats through down-regulation of SIRT7, which might reveal a new therapeutic approach for myocardial I/R.

Methods {#Sec2}
=======

Isolation and incubation of BMSCs {#Sec3}
---------------------------------

All animal experimental procedures were permitted by the Ethics Committee of our hospital, and were performed in accordance with the Guide for the Care and Use of Laboratory Animals (eighth edition, 2011, National Institutes of Health, USA). Two male Sprague--Dawley (SD) rats (Shanghai SLAC Laboratory Animal Co., Ltd, Shanghai, China), aged 10--14 days, weighing 60--100 g, were used for experiments. BMSCs were isolated from the femur and tibia of rats. Red blood cells were lysed using ACK lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA), washed, resuspended, and cultured in DMEM/F12 (Gibco, Carlsbad, CA, USA) containing 40% MCDB201, 100 U/mL penicillin, 100 U/mL streptomycin, and 2% fetal bovine serum. BMSCs were cultured in an incubator at 37 °C, 5% CO~2~ with saturated humidity. After 48 h of incubation, the medium was changed, and cells were passaged when reaching 80--90% confluence.

Flow cytometry analysis {#Sec4}
-----------------------

When BMSCs at the third-passage reaching 80% confluence, the cells were trypsinized, washed, centrifuged, and resuspended in phosphate-buffered saline (PBS). BMSCs were incubated with antibodies against CD44, CD105, and CD31 (Neomarker, CA, USA), and then analyzed by a flow cytometry (FACSCalibur; BD, Alaska, MN, USA).

Isolation and characterization of exosomes {#Sec5}
------------------------------------------

Exosomes were extracted from the supernatant of BMSCs using an ExoQuick-TC Kit (Invitrogen, Waltham, MA, USA) according to manufacturer's instructions. A total of 10 μL exosome pellets were transferred to carbon-coated 200-mesh copper electron microscopy grids and cultured for 1 min at room temperature. Then, exosomes were stained with 3% (w/v) sodium phosphowolframate (pH = 6.8) for 5 min, and washed with double distilled water. After being left to dry at room temperature, exosomes were observed under a transmission electron microscope (Hitachi H7500 TEM, Tokyo, Japan). Micrographs were used to identify exosomes in BMSCs. Twenty exosomes were randomly selected to measure the diameters.

Establishment of myocardial I/R model in rats {#Sec6}
---------------------------------------------

Twenty male SD rats (Shanghai SLAC Laboratory Animal Co., Ltd), weighing 180--200 g, aged 6 weeks, were randomly divided into Sham group and I/R group. Rats were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). Ischemia was achieved by ligation of the left anterior descending coronary artery (LAD) using a 6.0 prolene suture for 30 min. Then the knot was relaxed and the heart was allowed reperfusion for 2 h. The same procedure was performed on Sham group without LAD. In order to examine the effect that BMSC-Exo-miR-125b exhibit on I/R, BMSC-Exo-miR-67 (50 µg) or BMSC-Exo-miR-125b (50 µg) was injected into the ligation zone adjacent to the left anterior free wall after left ventricle exposure. Myocardial tissues were collected and used for the subsequent assays.

Determination of cardiac function and myocardial infarct size {#Sec7}
-------------------------------------------------------------

After modeling for 1 week, transthorax echocardiography (TTE) was used to evaluate the cardiac function of I/R rats according to the following parameters: the left ventricular ejection fraction (LVEF), left ventricular fraction shortening (LVFS), left ventricular systolic pressure (LVSP), left ventricular end systolic diameter (LVESD), left ventricular end-diastolic dimension (LVEDD), left ventricular end-diastolic pressure (LVEDP), the left ventricular d*p*/d*t* curve, maximal rate of pressure rise (+ d*p*/d*t*~max~), and decline (− d*p*/d*t*~max~).

The myocardial infarct size was determined by triphenyltetrazolium chloride (TTC) staining. Briefly, the heart of rat was sliced into small sections and were incubated with 1% TTC (A610558, SangonBootech Co, shanghai, China) for 30 min, fixed with 10% formalin for 10 min, and then observed after rinsing. The infarct area (pale white) and the area at risk (brick red) were measured using Image-Pro Plus 6.0 software. The infarct size (%) was calculated as infarct area/area at risk × 100%.

Hematoxylin--eosin (HE) staining {#Sec8}
--------------------------------

The myocardium tissues were fixed with 10% formaldehyde for 24 h, and then sliced into 4-µm sections. Subsequently, tissue sections were stained with Hematoxylin and Eosin. The pathological changes of myocardium tissues were observed under microscope.

Acquirement and incubation of cardiac myocytes in rats {#Sec9}
------------------------------------------------------

Rats of Sham and I/R groups were injected with sodium pentobarbital (30 mg/kg) for anesthesia, and then the chest was opened and the heart was extracted quickly. The ventricular tissues were then dissected, cut into blocks of about 2 mm^3^, and digested by pancreatin and type II collagenase. Dispersed cells were suspended in DMEM containing with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and then filtered with a 70-μm cell strainer. The isolated cardiomyocytes were cultured in an incubator at 37 °C, 5% CO~2~ with saturated humidity. The cardiac myocytes isolated from Sham and I/R group were named Sham-C and I/R--C, respectively.

Cell transfection {#Sec10}
-----------------

BMSCs were seeded in 6-well plates at a density of 6 × 10^5^ per well, and cultured in an incubator at 37 °C, 5% CO~2~ overnight. BMSCs were transfected with Lv-cel-miR-67 (control) or Lv-miR-125b (Vigene Biosciences, Rockville, MD, USA) by using Lipofectamine 2000 (Invitrogen) at a multiplicity of infection (MOI) of 10 in the presence of polybrene (8 µg/mL; Sigma-Aldrich, St. Louis, MO, USA) for 24 h according to manufacturer's recommendations. Cells transfected with Lv-cel-miR-67 (control) or Lv-miR-125b were named BMSC-67 or BMSC-125b. BMSCs without transfection were considered as the Mock group. After 48 h of culturing, exosomes were isolated from the above BMSCs, and separately named BMSC-Exo-67, BMSC-Exo-125b, and BMSC-Exo. Exosomes were identified by the micro-morphology under transmission electron microscope and positive expression of CD9 and CD63. The transfection efficiency was identified by qRT-PCR.

The treatment of I/R cardiomyocytes with exosomes {#Sec11}
-------------------------------------------------

Cardiomyocytes were treated with BMSC-derived exosomes (MSC-Exo, MSC-Exo-67, and MSC-Exo-125b) in DMEM medium (Hyclone, South Logan, UT, USA) for 48 h. The intervention efficiency was identified by PKH26 (Sigma-Aldrich)-labeled in exosomes under a fluorescence microscopy (Leica, xsp-63xd, Wetzlar, Germany).

qRT-PCR {#Sec12}
-------

Total RNA was extracted from tissues and cells by using TRIzol™ Plus RNA Isolation Reagents (Invitrogen). The reverse transcription kit (Takara, Otsu, Japan) was applied for RNAs reverse transcription. qRT-PCR was performed on ABI 7500HT Fast Real-Time PCR System (Applied Biosystems, CA, USA) under the following reaction conditions: 95 °C for 3 min, 40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 20 s. The mRNA expression level was calculated using the $\documentclass[12pt]{minimal}
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                \begin{document}$$2^{{ - \Delta \Delta C_{\text{t}} }}$$\end{document}$ method. The primer sequences are shown in Table [1](#Tab1){ref-type="table"}. U6 or β--actin was used as the internal reference of miR-125b or SIRT7, respectively.Table 1Primer sequencesName of primerSequencesmiR-125bForward: 5′-GAATCCCTGAGACCCTAAC-3′Reverse: 5′-GTGCAGGGTCCGAGGT-3′U6Forward: 5′-CTCGCTTCGGCAGCACA-3′Reverse: 5′-AACGCTTCACGAATTTGCGT-3′SIRT7Forward: 5′-TCTCTGAGCTCCATGGGAAT-3′Reverse: 5′-CATGAGGAGCCGCATTACAT-3′β-ActinForward: 5′-ACACCTTCTACAATGAGCTG-3′Reverse: 5′-CTGCTTGCTGATCCACATCT-3′

Western blot {#Sec13}
------------

Total proteins were extracted using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) and then quantified using BCA Protein Assay Kit (ThermoFisher, Shanghai, China). The protein samples were mixed with 5 × loading buffer and separated by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Next, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane, and immersed in 5.0% non-fat milk for 45 min at 37 °C. The membrane was then incubated with primary antibodies, including β-actin (1:1000, ab179467, Abcam), CD9 (1:1000, ab92726, Abcam), CD81 (1:1000, ab108950, Abcam), Bcl-2 (1:1000, ab196495, Abcam), Bax (1:1000, ab199677, Abcam), caspase-3 (1:1000, ab49822, Abcam), and SIRT7 (1:1000, ab78977, Abcam) at 4 °C overnight. Subsequently, the membrane was incubated with HRP-conjugated goat anti-rabbit IgG (1:10000, Sigma, USA) for 1 h at room temperature. Protein bands were visualized with Chemiluminescent Substrate kit. β-actin was used as the internal reference.

MTT assay {#Sec14}
---------

Myocardium cells were seeded in 96-well plates (6 × 10^3^ cells/well), and BMSC-Exo-125b was added into each well, and incubated for 0, 24, 48, and 72 h, respectively. Subsequently, 20 μL MTT (5 mg/mL, Sigma-Aldrich) was pipetted into each well. After 4 h of incubation, 150 μL DMSO was added for reaction termination. The optical density at 495 nm (OD495) was measured by a microplate reader (Applied Biosystems).

Annexin V-PI double staining {#Sec15}
----------------------------

Cells were stained using an Annexin V-PI kit (Invitrogen). A total of 1 × 10^5^ cells were suspended in 500 µL binding buffer, and then stained with 5 µL Annexin V‐EGFP and 5 mL Propidium Iodide, respectively, at room temperature for 10 min in the dark. The cell apoptosis was analyzed on a MUSE™ flow cytometer (Merck Millipore, USA). Lower left quadrant (LL) represented viable cells; upper left quadrant (UL) represented necrotic cells; lower right quadrant (LR) represented early apoptotic cells; upper right quadrant (UR) represented late apoptotic cells. The apoptotic ratio (%) was calculated as the cell ratio in LR + UR.

ELISA assay {#Sec16}
-----------

Cardiomyocytes of each group were centrifuged at 5000×*g* at 4 °C for 10 min, and the supernatant was collected. The levels of IL-1β, IL-6, and TNFa were measured by using OptEIA™ mouse cytokine kits (Thermo Fisher Scientific) according to manufacturer's instructions.

Dual-luciferase reporter assay {#Sec17}
------------------------------

A binding site at 3′-UTR of SIRT7 was predicted on miR-125bby StarBase3.0. According to the predication, SIRT7-Mut and SIRT7-Wt were cloned and combined with PsiCHECK-2 vector (Promega, Madison, USA). SIRT7-Mut or SIRT7-Wt was co-transfected with miR-125b or miR-NC (GenePharma Co., Ltd, Shanghai, China) into myocardium cells with Lipofectamine 3000 (L3000015, Thermo Fisher Scientific). After 48 h of transfection, the luciferase activity was measured by a dual-luciferase reporter gene assay system (Promega).

Immunohistochemistry {#Sec18}
--------------------

Myocardium tissues were fixed in 10% Neutral buffer formalin and then embedded in OCT and cut into 6-μm-thick slices. After blocking with 3% hydrogen peroxide solution for 10 min, the sections were subsequently incubated overnight at 4 °C with the primary antibody (rabbit anti-mouse SIRT7, 1:200, ab78977, Abcam). Sections were then incubated with HRP-labeled goat anti-rabbit IgG (1:1000, Sigma) at 37 °C for 15 min. After three times of washing with PBS, the sections were stained with diaminobenzidine, and observed under an invert fluorescence microscope (Olympus Ckx53).

Statistical analysis {#Sec19}
--------------------

All experiments were performed in triplicate and repeated at least three independent times. Data were presented as mean ± standard deviation (SD). Data were analyzed by the SPSS 22.0 statistical software (SPSS Inc., Chicago, IL) and GraphPad.Prism.v7.01. Student's *t* test was used to compare the significant difference between two groups, and the One-way ANOVA test was applied when analyzing more than two groups. Tukey's post hoc test was used to validate the ANOVA for comparing data between two groups. Differences were considered statistically at *P* \< 0.05.

Results {#Sec20}
=======

Characterization of exosomes derived from BMSC {#Sec21}
----------------------------------------------

As shown in Fig. [1](#Fig1){ref-type="fig"}a, BMSCs at first-passage (P1) were spindle-shaped, fusiform, and polygonal, and BMSCs at third-passage (P3) were spindle-shaped with stable morphology. The cells were identified as BMSCs on the basis of their spindle-shaped morphology, as well as their adherence to plastic. Flow cytometry analysis showed that BMSCs were positive for CD44, CD105, and negative for CD31 (Fig. [1](#Fig1){ref-type="fig"}b). In addition, we extracted exosomes from the supernatants of BMSCs. FBS-derived exosomes were not observed under TEM (Fig. [1](#Fig1){ref-type="fig"}c). Therefore, the interference of exosomes from FBS could be eliminated. Meanwhile, BMSC-derived exosomes were confirmed based on the round or oval shape, and 60--100 nm of diameter under TEM (Fig. [1](#Fig1){ref-type="fig"}d). Western blot confirmed the positive expression of characteristic cell surface antigens CD9 and CD63 in BMSC-derived exosomes. These results suggested that BMSC-derived exosomes were successfully extracted.Fig. 1Characterization of exosomes derived from bone marrow mesenchymal stem cells (BMSCs). **a** Cellular morphology (P1, P3) of BMSCs observed under an inverted fluorescence microscope. Scale bar: 100 μm. **b** Flow cytometry was used to analyze the surface antigens (CD44, CD105, CD31) in BMSCs. **c**, **d** The morphology of FBS-derived exosomes and BMSC-derived exosomes was observed under transmission electron microscopy (TEM). Scale bar: 50 μm. **e** Western blot was used to examine the expression of CD9, CD63 in BMSCs, and BMSC-derived exosomes

Establishment of myocardial I/R model in rats {#Sec22}
---------------------------------------------

A total of twenty rats were induced to myocardial I/R model. Among them, eighteen rats survived more than 2 weeks, and the survival rate was 90%. Cardiac function and hemodynamics of I/R rats were detected by TTE. The results showed that the LVEF, LVFS, LVSP, + d*p*/d*t*~max~, and − dp/d*t*~max~ were all reduced, and LVESD, LVEDD, and LVEDP were increased in I/R group, compared with Sham group (*P* \< 0.01, Fig. [2](#Fig2){ref-type="fig"}a). HE staining suggested that myocardial fibers in Sham group were arranged neatly, and there was no inflammatory cell infiltration in stroma, while the myocardial fibers in I/R group were disorganized accompanied with infiltration of inflammatory cell and focal necrosis in the stroma (*P* \< 0.0001, Fig. [2](#Fig2){ref-type="fig"}b). TTC assay was performed to detect the infarct size of myocardium tissues. Obvious myocardial infarction area was observed in I/R group, whereas no infarction area was observed in Sham group (*P* \< 0.0001, Fig. [2](#Fig2){ref-type="fig"}c). All these data suggested that I/R model was successfully established in rats.Fig. 2Myocardial ischemia reperfusion injury (I/R) model in rats. **a** Hemodynamic test of I/R rats. **b** Hematoxylin--eosin (HE) staining was performed to detect the pathological changes of myocardium in I/R rats (× 400). **c** Triphenyltetrazolium chloride (TTC) assay was used to evaluate the infarct size in I/R rats

BMSC-Exo-125b increased the expression of miR-125b in I/R myocardium cells {#Sec23}
--------------------------------------------------------------------------

To validate the effect of miR-125b on I/R, we measured the expression of miR-125b in myocardium tissues and cells. qRT-PCR showed that the expression of miR-125b in I/R group was markedly lower than that in Sham group (*P* \< 0.0001, Fig. [3](#Fig3){ref-type="fig"}a, b). BMSC cells were transfected with Lv-miR-125b or cel-miR-67 (negative control) for 48 h. qRT-PCR showed that the expression of miR-125b was higher in miR-125b-transfected BMSCs than that in miR-67-transfected BMSCs (*P* \< 0.0001, Fig. [3](#Fig3){ref-type="fig"}c). The expression of miR-125b was up-regulated in BMSC-Exo-125b-transfected cells, compared with BMSC-Exo-67-transfected cells (*P* \< 0.0001, Fig. [3](#Fig3){ref-type="fig"}d). Meanwhile, BMSC-derived exosomes labeled with PKH26 (red) were traced. After transfection of Exo-125b, the relative miR-125b expression was increased in I/R myocardium cells (*P* \< 0.0001, Fig. [3](#Fig3){ref-type="fig"}f). The above results suggested that BMSC-Exo-125b increased the expression of miR-125b in I/R myocardium cells.Fig. 3Bone marrow mesenchymal stem cells (BMSCs)-derived exosomes increased the expression of miR-125b in I/R myocardium cells. **a**, **b** The relative expression of miR-125b was examined by qRT-PCR in myocardium tissues and cells. **c**, **d** The relative expression of miR-125b was detected by qRT-PCR in BMSC cells and BMSC-derived exosomes, respectively. **e** BMSC-Exo-125b was traced by labeling PKH26 (red). **f** The relative expression of miR-125b was examined by qRT-PCR in I/R myocardium cells. (Color figure online)

BMSC-Exo-125b enhanced the viability and inhibited the inflammation and apoptosis of I/R myocardium cells {#Sec24}
---------------------------------------------------------------------------------------------------------

The effect of BMSC-Exo-125b on the viability of I/R myocardium cells was analyzed by MTT assay. The result showed that the OD~495~ value was declined in I/R--C group compared with Sham-C group at 24, 48, and 72 h post-culturing (*P* \< 0.01). The OD~495~ value of Exo-125b group was significantly higher than that of Exo-67 group at 24, 48, and 72 h post-culturing (*P* \< 0.05, Fig. [4](#Fig4){ref-type="fig"}a). In contrast to OD~495~ value, the apoptotic ratio was significantly higher in I/R--C group than that in Sham-C group. The transfection of Exo-125b significantly decreased the apoptotic ratio compared with Exo-67 group (*P* \< 0.0001, Fig. [4](#Fig4){ref-type="fig"}b). Western blot showed that the relative protein expression of pro-apoptotic factors Bax, caspase-3 was significantly higher in I/R--C group than in Sham-C group, and was significantly lower in Exo-125b group than in Exo-67 group (*P* \< 0.0001). The Anti-apoptotic factor Bcl-2 exerted the opposite trend compared to the pro-apoptotic factors (Bax, caspase-3) (*P* \< 0.0001, Fig. [4](#Fig4){ref-type="fig"}c). As presented in Fig. [4](#Fig4){ref-type="fig"}d, the levels of IL-1β, IL-6 and TNF-α were increased in IR--C group compared with Sham-C group (*P* \< 0.0001). The transfection of Exo-125b significantly decreased the levels of IL-1β, IL-6 and TNF-α compared with Exo-67 group (*P* \< 0.01, Fig. [4](#Fig4){ref-type="fig"}d). All these results demonstrated that Exo-125b enhanced the viability and inhibited the inflammation and apoptosis of I/R myocardium cells.Fig. 4BMSC-Exo-125b inhibited the apoptosis of ischemia reperfusion injury (I/R) myocardium cells. **a** The viability of myocardium cells was examined by MTT. **b** Apoptotic ratio (%, cell ratio in LR + UR) of myocardium cells was examined by flow cytometry. Lower left quadrant (LL), viable cells; upper left quadrant (UL), necrotic cells; lower right quadrant (LR), early apoptotic cells; upper right quadrant (UR), late apoptotic cells. **c** Western blot was used to detect the expression of apoptotic proteins in myocardium cells. **d** ELISA was performed to examine the levels of inflammatory factors

MiR-125b was negatively correlated with SIRT7 {#Sec25}
---------------------------------------------

A binding site at 3′-UTR of SIRT7 was predicted on miR-125b by StarBase3.0 (Fig. [5](#Fig5){ref-type="fig"}a). Because SIRT7 plays an important role in the regulation of cell apoptosis and stress response in the heart \[[@CR20]--[@CR22]\], the relationship between SIRT7 and miR125b was further analyzed. Dual-luciferase reporter gene assay showed that the luciferase activity was decreased in myocardium cells co-transfected with SIRT7-Wt and miR-125b mimics, compared with that in cells co-transfected with SIRT7-Wt and mimics-NC (*P* \< 0.0001, Fig. [5](#Fig5){ref-type="fig"}b). qRT-PCR showed that the expression of SIRT7 was significantly higher in I/R myocardium tissues (I/R group) than that in normal tissues (Sham group) (*P* = 0.0002, Fig. [5](#Fig5){ref-type="fig"}c). Spearman correlation analysis showed a negative relationship between SIRT7 and miR-125b in myocardium tissues (*r* = − 0.8499, *P* = 0.0018, Fig. [5](#Fig5){ref-type="fig"}d). In addition, the expression of SIRT7 in I/R myocardium cells (I/R--C group) was significantly higher than that in normal cells (Sham-C group) at both the mRNA and protein level (*P* \< 0.0001). The transfection of Exo-125b significantly decreased the expression of SIRT7 in myocardium cells (Exo-125b group) compared with cells transfected with Exo-67 (Exo-67 group) at both the mRNA and protein level (*P* \< 0.0001, Fig. [5](#Fig5){ref-type="fig"}e, f). Taken together, Exo-125b could negatively regulate the expression of its target gene SIRT7 in myocardium cells.Fig. 5MiR-125b was negatively correlated with SIRT7. **a** A binding site at 3′-UTR of SIRT7 was predicted on miR-125b by StarBase3.0. **b** The luciferase activity was measured by dual-luciferase reporter gene assay. **c** Relative mRNA expression of SIRT7 in ischemia reperfusion injury (I/R) myocardium tissues was examined by qRT-PCR. **d** Spearman's correlation analysis was used to detect the correlation between miR-125b and SIRT7 expression. **e**, **f** qRT-PCR and Western blot were used to detect the mRNA and protein expression of SIRT7 in myocardium cells

BMSC-Exo-125b restored the cardiac function of I/R rats through down-regulating SIRT7 {#Sec26}
-------------------------------------------------------------------------------------

To further evaluate the effect of BMSC-Exo-125b on cardiac function of I/R rats, BMSC-Exo-67 or BMSC-Exo-125b was injected into the left ventricular ligation area of rats, respectively. As shown in Fig. [6](#Fig6){ref-type="fig"}a, LVEF, LVFS, LVSP, + d*p*/d*t*~max~, and − dp/d*t*~max~ were significantly increased in I/R rats injected with BMSC-Exo-125b compared with those injected with BMSC-Exo-67 (*P* \< 0.01). Meanwhile, LVESD, LVEDD, and LVEDP were decreased in I/R rats injected with BMSC-Exo-125b compared with those injected with BMSC-Exo-67 (*P* \< 0.01). HE staining showed that ratio of inflammatory cells was reduced in BMSC-Exo-125b group compared with that in BMSC-Exo-67 group (*P* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}b). TTC staining showed that the infarct size was significantly lower in BMSC-Exo-125b group than that in BMSC-Exo-67 group (*P* = 0.0004, Fig. [6](#Fig6){ref-type="fig"}c). Furthermore, qRT-PCR, immunohistochemistry staining, and Western blot proved that the SIRT7 expression in BMSC-Exo-125b group was significantly lower than that in BMSC-Exo-67 group at both the mRNA and protein level (*P* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}e--f). To sum up, BMSC-Exo-125b could restore the cardiac function of I/R rats through down-regulating SIRT7.Fig. 6BMSC-Exo-125b restored the cardiac function of myocardial ischemia reperfusion injury (I/R) rats. **a** Hemodynamic test of I/R rats. **b** HE staining was performed to detect the pathological changes of myocardium in I/R rats (× 400). **c** Triphenyltetrazolium chloride (TTC) assay was used to evaluate the infarct size in I/R rats. **d** qRT-PCR was used to examine the relative mRNA expression of SIRT7 in myocardium tissues. **e** Relative density of SIRT7 was detected by immunohistochemistry in myocardium tissues (× 400). **f** Western blot was used to examine the relative protein expression of SIRT7 in myocardium tissues

Discussion {#Sec27}
==========

Recently, I/R has become a research hotspot in cardiovascular pathology \[[@CR23], [@CR24]\] that is closely associated with vascular endothelial injury and myocardial cell apoptosis \[[@CR25], [@CR26]\]. In order to explore the treatment of myocardial I/R, we established I/R model in rats. I/R model is widely used in researches that focused on the biological function of various critical moleculars and signaling pathways. For example, Zhang et al. \[[@CR27]\] verified that intravenous administration of NAD(+) can alleviate I/R through reducing apoptotic damage in a rat mode of myocardial I/R. In this study, LVEF, LVFS, LVSP, + d*p*/d*t*~max~, and − dp/d*t*~max~ were decreased, and LVESD, LVEDD, LVEDP were increased in I/R rats group. In addition, obvious myocardial infarction area was observed in I/R rats. These results demonstrate that the I/R model is successfully established in rats.

BMSCs attenuate hepatic I/R through inhibiting oxidative stress and suppressing apoptosis in rats \[[@CR28]\]. Exosomes are regarded as small vesicles secreted by various types of cells, which play a critical role in paracrine effects. Exosomes derived from stem cells can ameliorate global function of the heart through preventing cell apoptosis, decreasing oxidative stress, and promoting angiogenesis under myocardial I/R \[[@CR29]--[@CR31]\]. Exosomes secreted by MSCs can reduce the infarct size in a mouse model of myocardial I/R \[[@CR32]\]. In this study, exosomes were successfully extracted from the BMSCs, and used for subsequent assays.

Recently, accumulating evidence has proved that miRNAs participate in the regulation of myocardial cell apoptosis \[[@CR33], [@CR34]\]. Ma et al. \[[@CR35]\] showed that the transplantation miR-132 exosomes in the ischemic hearts of mice markedly enhanced the neovascularization in the peri-infarct zone and preserved heart functions. The expression of miR-320 is remarkably down-regulated in I/R hearts, which can modulate the cardiac injury and dysfunction by negatively regulating Hsp20 \[[@CR36]\]. Wang et al. \[[@CR37]\] demonstrated that miR-494 exerts cardioprotective effects on I/R via targeting pro-apoptotic and anti-apoptotic proteins. In this study, our findings demonstrated that BMSC-Exo-125b enhanced the viability, and inhibited the apoptosis and inflammation of I/R myocardium cells. The inflammation and apoptosis of myocardium cells are key pathological characteristics of I/R \[[@CR38]\]. Myocardial I/R promotes the formation of pro-inflammatory cytokines, and contributes to cardiac dysfunction and cardiomyocyte necrosis, as well as apoptosis \[[@CR39]\]. The apoptotic signaling cascade can be initiated by free radicals and TNFα, both of which are produced in myocardial I/R \[[@CR40]\]. Du et al. \[[@CR41]\] proved that exendin-4, a glucagon-like peptide-1 receptor agonist attenuates myocardial I/R through inhibiting inflammation. Ma et al. \[[@CR42]\] revealed that IL-33 protects against myocardial I/R by inhibiting inflammatory responses and myocardial apoptosis. Our results indicate that BMSC-Exo-125b inhibits the inflammation and apoptosis of myocardium cells, thereby contributing to the remission of I/R in myocardium.

SIRT7, which belongs to mammalian sirtuin family, plays an important role in oncogenic transformation \[[@CR43]\]. Li et al. \[[@CR44]\] proved that SIRT7 knockdown suppresses the proliferation and cell cycle progression of HUCCT1 cells (cholangiocarcinoma) in vitro and in vivo. Zhao et al. \[[@CR45]\] demonstrated that miR-125b suppresses the proliferation of HepG2 cells (hepatocellular carcinoma) by targeting SIRT7. In this study, a binding site at 3′-UTR of SIRT7 was predicted on miR-125b. SIRT7 was further identified as a target of miR-125b. SIRT7 is involved in the regulation of cell apoptosis and stress response in the heart \[[@CR20], [@CR21]\]. For example, SIRT7 exerts a critical role in the regulation of stress response and cell death in the heart \[[@CR20]\]. SIRT7 expression is increased in response to acute cardiovascular injury, including myocardial infarction and hind-limb ischemia, particularly at the active wound healing site \[[@CR21]\]. Similarly with previous findings, we found that SIRT7 was up-regulated in I/R myocardium tissues and cells. We suspect that BMSC-Exo-125b may inhibit the inflammation and apoptosis of I/R myocardium cells through targeting SIRT7.

In conclusion, BMSC-Exo-125b enhanced the viability, inhibited the apoptosis and inflammation of I/R myocardium cells, and restored the cardiac function of I/R rats through regulating SIRT7. In other words, BMSC-derived exosomes carrying miR-125b protect against myocardial I/R by targeting SIRT7. BMSC-Exo-125b may serve as a potential therapeutic agent for myocardial I/R.
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